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1
DISPLAY DEVICE AND SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority of United

Kingdom Patent Application no. 2008298.8, filed Jun. 2,
2020, which 1s hereby incorporated herein by reference 1n 1ts

entirety.

FIELD

The present disclosure relates to a projector. More spe-
cifically, the present disclosure relates to a holographic
projector, a method of holographic projection and holo-
graphic projection system. Some embodiments relate to a
head-up display. Some embodiments relate to a circuit for
providing a stream of pixel position values for calculation of
corresponding software function values, for display on pix-
els of a display device and a corresponding method.

BACKGROUND AND INTRODUCTION

Light scattered from an object contains both amplitude
and phase information. This amplitude and phase 1nforma-
tion can be captured on, for example, a photosensitive plate
by well-known 1nterference techniques to form a holo-
graphic recording, or “hologram™, comprising interference
fringes. The hologram may be reconstructed by 1llumination
with suitable light to form a two-dimensional or three-
dimensional holographic reconstruction, or replay image,
representative of the original object.

Computer-generated holography may numerically simu-
late the interference process. A computer-generated holo-
gram may be calculated by a technique based on a math-
ematical transformation such as a Fresnel or Fourier
transform. These types of holograms may be referred to as
Fresnel/Fournier transform holograms or simply Fresnel/
Fourier holograms. A Fourier hologram may be considered
a Fourier domain/plane representation of the object or a
frequency domain/plane representation of the object. A
computer-generated hologram may also be calculated by
coherent ray tracing or a point cloud technique, for example.

A computer-generated hologram may be encoded on a
spatial light modulator arranged to modulate the amplitude
and/or phase of incident light. Light modulation may be
achieved using electrically-addressable liquid crystals, opti-
cally-addressable liquid crystals or micro-mirrors, for
example.

A spatial light modulator typically comprises a plurality
of individually-addressable pixels which may also be
referred to as cells or elements. The light modulation scheme
may be binary, multilevel or continuous. Alternatively, the
device may be continuous (i.e. 1s not comprised of pixels)
and light modulation may therefore be continuous across the
device. The spatial light modulator may be reflective mean-
ing that modulated light 1s output in reflection. The spatial
light modulator may equally be transmissive meaning that
modulated light 1s output 1n transmission.

A holographic projector may be provided using the sys-
tem described herein. Such projectors have found applica-
tion 1n head-up displays, “HUD?”, for example.

SUMMARY

Aspects of the present disclosure are defined in the
appended independent claims.
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2

In general terms, a logic circuit 1s provided herein that can
output a stream ol sequential values, representing pixel
position values, for a pixelated display device such as a
spatial light modulator. The logic circuit may comprise (or
may be a logic block of or a sub-circuit of) an advanced
integrated circuit such as a field-programmable gate array
(FPGA) or an application-specific integrated circuit (ASIC).
The stream of sequential values that 1s output by the logic
circuit, according to this disclosure, can be used by another
logic circuit (or other sub-circuit or logic device or proces-
sor) to calculate corresponding values of a software func-
tion, for populating those pixels of the pixelated display
device. The software function can be, for example, a lens
function or a grating function, which might be combined
with a hologram, such as a computer-generated hologram

(CGH), for display on the pixelated display device.

Advanced itegrated circuits, such as the field-program-
mable gate array (FPGA), are optimised to perform complex
logic functions and combinational functions but the logic
blocks of these circuits can be very demanding of resources
when performing simple functions. Moreover, there 1s an
ever-present demand, in this field, for enhanced etliciency, 1in
terms ol the number of components that are required and in
terms of the number and complexity of computation(s) that
ecach component (and/or each logic block) must perform, 1n
order to provide a particular output.

The present disclosure provides a logic circuit—particu-
larly suitable for implementation in a field-programmable
gate array or similar programmable or custom logic
device—that reduces the number of components that are
required, to provide each value of a stream of pixel position
values for a display device, wherein the pixel position values
can be used for calculating corresponding soitware function
values for a software function, such as a software lens or a
grating, for display on a pixelated display device such as a
spatial light modulator (SLM). Moreover, the logic circuit
can provide the stream of pixel position values at high speed,
to satisty the demands of the pixelated display device, and
to ensure that its speed of operation 1s not hindered.

In particular, the logic circuit disclosed herein uses a
single (1.e. one) unity addition module (or unity addition
unit) 1n combination with a plurality of (1.e. two or more)
pipeline modules, 1n order to provide plurality of outputs for
every operational cycle of (i.e. for every number generated
by) the umty addition module. The number of pipeline
modules determines the number of outputs that can be
provided, per operational cycle of the unity addition module.
Theretfore, the unity addition module can generate numbers
more slowly than the rate at which a pixelated display device
demands pixel position values (or demands the software
function values calculated from pixel position values), with
the operational rate of the unity addition module effectively
being ‘scaled up’ by a factor that 1s equal to the number of
pipeline modules that are present 1n the logic circuit.

The operation of the logic circuit harnesses the properties
of binary (i.e. base 2) numbers. It embodies a recognition, by
the present inventors that, i1f the pipeline modules are
assigned unique sequential identity values, represented 1n
binary form, then each of those unique sequential 1dentity
values may be appended to a single (1.e. to the same)
multi-bit binary number, input to the pipeline modules by the
unity addition module, 1n order to output a corresponding
plurality of unique sequential multi-bit binary outputs.
Those unique sequential multi-bit binary outputs can be used
to represent pixel position values, for use 1n calculation of
corresponding soitware function values.
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Moreover, the present inventors have recognised that 11, 1in
an i1mmediately subsequent operational cycle, the unity
addition module mputs a multi-bit binary number to the
pipeline modules, which 1s one (1.e. 1) greater than the
immediately previously-input multi-bit binary number, and
if the pipelines again append their unique sequential identity
values thereto; the resultant multi-bit binary outputs will
comprise a sequential stream of values that follows on
sequentially from the multi-bit binary outputs that were
output by the pipeline modules for the immediately preced-
ing cycle. The logic circuit can therefore output a sequential
stream of values, producing those values 1 groups, on a
cyclical basis.

According to an aspect, a logic circuit 1s provided,
wherein the logic circuit 1s arranged to output a stream of
pixel position values, X, for a row of a pixelated display
device, for calculation of corresponding software function
values F(x), for display on [mxn] pixels of the pixelated
display device; wherein the stream comprises sequential
numbers from 0 to (n—1). The logic circuit comprises a unity
addition module and a plurality, p, of pipeline modules,
wherein the pipeline modules have respective individual
pipeline 1dentity values, v, from v=0 to v=(p-1). The unity
addition module 1s arranged to provide a multi-bit binary
input, 1, to each of the plurality, p, of pipeline modules, 1n
common, during a pre-defined time cycle. Each pipeline
module 1s arranged, for the pre-defined time cycle, to:
receive the multi-bit binary input, 1, from the unity addition
module; append a binary representation of its individual
pipeline i1dentity value, v, to the received multi-bit binary
iput, 1; and to output a unique multi-bit binary output, o,
that comprises a combination of the received multi-bit
binary input, 1, and the binary representation of 1ts individual
pipeline 1dentity value, v.

The umty addition module may itself comprise a logic
circuit. For example, 1t may comprise a plurality of logic
gates, for example a combination of OR, XOR, and AND
logic gates, arranged 1n a particular way to provide unity
addition. The unity addition module may be referred to as an
‘adder’, an ‘addition umit’, an ‘adder unit’, or an ‘add
operator’.

The term ‘pipeline module” will be familiar to the skilled
reader. A pipeline module may comprise an independent
clectrical conduit, arranged for data signals and/or number-
Ing processing.

The pre-defined time cycle of the logic circuit of the
present aspect may be referred to as 1ts ‘clock cycle’.

The [mxn] pixels of the pixelated display device may be
formed from ‘m’ rows and ‘n’ columns, wherein ‘m” and ‘n’
are whole, positive integers. In such a case, there will be ‘n’
pixels 1n every row and ‘m’ pixels in every column of the
pixelated display device. The logic circuit may therefore be
arranged to output a stream of ‘n’ sequential pixel position
values for a row, wherein the individual pixel values begin
at 0 (at the 1°* pixel of the row) and increase in whole integer
steps to ‘n-1" (at the n” pixel of the row).

The individual pipeline i1dentity values, v, from v=0 to
v=(p—1) may comprise sequential whole positive integers,
which can be represented by respective binary (1.e. base 2)
numbers.

The term ‘1in common’, as used 1n this context, may be
regarded as meaning that the unity addition module 1s
arranged to provide the same (1.e. a single) multi-bit binary
iput, 1, to each of (i.e. to all of) the pipeline modules, for
a pre-defined time cycle. Therefore, the unity additional
module may need to only provide one multi-bit binary input,
1, per pre-defined time cycle. The same (single) multi-bit
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4

binary input, 1, may be used by every pipeline module,
during a pre-defined time cycle, in order to produce a
corresponding plurality of multi-bit binary outputs, o,.

The logic circuit of the present aspect may be arranged to
output a stream of pixel position values, X, for more than one
row of a pixelated display device, for calculation of corre-
sponding soitware function values F(x), for display on
[mxn] pixels of the pixelated display device. The logic
circuit may be arranged to output a stream of pixel position
values, X, for every row of a pixelated display device, for
calculation of corresponding soitware function values F(x),
for display on [mxn] pixels of the pixelated display device.

The length (1n units of time) of the pre-defined time cycle
of the logic circuit of the present aspect may be equal to the
length (1n units of time) of a ‘clock cycle’ or of an ‘opera-
tional cycle’ of the unity addition module.

Each pipeline module may be arranged to, for each
pre-defined time cycle of the logic circuit, append a multi-bit
binary representation of its individual pipeline identity
value, v, to the recerved multi-bit binary input, 1. The binary
representation of 1ts imndividual pipeline 1dentity value, v, as
output by each pipeline module, may have the same number
of bits as the binary representation of 1ts individual pipeline
identity value, v, which each of the respective other pipeline
modules outputs. The unique multi-bit binary output, o, that
cach pipeline 1s arranged to output may be longer, in terms
of number of bits, than the multi-bit binary nput, 1, which
the pipeline modules have received from the unity addition
module.

The logic circuit of the present aspect may be arranged to
provide 1ts outputs to a second, different logic circuit. The
second, different logic circuit may be comprised within the
same logic device as the logic circuit of the present aspect.
For example, the second, different logic circuit may be
comprised within the same advanced integrated circuit, such
as an FPGA, as the logic circuit of the present aspect. The
second, different logic circuit may be regarded a next, or
subsequent, processing block of the FPGA, before an output
1s provided to the pixelated display device. The second,
different logic circuit may be arranged to use the sequential
pixel values output by the logic circuit of the present aspect,
and to calculate the corresponding software function values
F(x), for display on [mxn] pixels of the pixelated display
device.

The second, different logic circuit may have a clock cycle
that 1s equal to the pre-defined time cycle of the logic circuit
of the present aspect. The logic circuit of the present aspect
and the second, different circuit may have a common clock.
The second, diflerent logic circuit may be arranged to output
its calculated software function values F(x), for display on
[mxn] pixels of the pixelated display device, at a rate which
meets a demand of the pixelated display device. The second,
different logic circuit may comprise a plurality of software
lens value calculation blocks, that are arranged to work 1n
parallel with one another. For example, each software lens
value calculation block of the second, different logic circuit
may be configured to receive a value from a corresponding
pipeline module (comprised within the logic circuit of the
present aspect) and to use that received value to output a
corresponding software lens value. Each software lens value
calculation block, within the second, different logic circuat,
may be arranged to receive its respective value from the
corresponding pipeline module and to output its respective
soltware lens value at substantially the same times as each
of the other software lens value calculation blocks receives
its respective value from the corresponding pipeline module
and outputs 1ts respective software lens value. Therefore, a
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plurality of software lens values may be provided to the
pixelated display device, for each pre-defined time cycle.
The plurality of software lens values may be provided 1n a
substantially simultaneous group, for each pre-defined time
cycle.

The logic circuit of the present aspect may have a com-
mon clock, with the pixelated display device. That 1s; a
‘clock cycle’ of the pixelated display device may be equal
(in units of time) to the pre-defined time cycle or ‘clock
cycle” of the logic circuit of the present aspect.

The unique multi-bit binary output, o, from a pipeline
module, for a pre-defined time cycle, may comprise the
received multi-bit binary input, 1, as 1ts most significant bits
and the binary representation of the pipeline’s individual
pipeline identity value, v, as its least significant bit(s). In
other words; the received multi-bit binary input, 1, may
appear at the beginming of the unique multi-bit binary
output, o,, from a pipeline module, for a pre-defined time
cycle, and the binary representation of that pipeline’s indi-
vidual pipeline identity value, v, may appear at the end,
following on immediately from the received multi-bit binary
iput, 1.

The unmity addition module may be arranged to provide a
first multi-bit binary input 1, to each of the plurality, p, of
pipeline modules during a first pre-defined time cycle and to
provide a second multi-bit binary mput 1, to each of the
plurality, p, of pipeline modules during a second pre-defined
time cycle, immediately subsequent the first time cycle;
wherein the second multi-bit binary input 1, 1s greater than
the first multi-bit binary input 1, by a single integer (1.e. by
1).

The logic circuit may be arranged to repeat its operations,
on a cyclical basis. In other words; the operations performed
by the umty addition module and the pipeline modules,
during a pre-defined time cycle according to this aspect, may
be repeated a plurality of times, during a corresponding,
plurality of pre-defined time cycles, one after another. For
cach pre-defined time cycle, the value of the multi-bit binary
input, 1, which the pipeline modules receive from the unity
addition module, may increase by one (1), as compared to
the immediately-preceding pre-defined time cycle. A suit-
able controller may be provided, for controlling the opera-
tion of the unity addition module, and/or of the logic circuit.
For example, a controller may be configured to reset the
numbers provided by the unity addition module to zero (0),
under certain conditions.

The logic circuit may be arranged to perform a pre-
determined number of repetitions of 1ts operations, or to
keep repeating i1ts operations for a pre-determined length of
time, or to keep repeating 1ts operations until a pre-deter-
mined goal or threshold has been reached or exceeded, or to
tollow another instruction as regards when to start and stop
its operations.

There may be a correlation between the number of
pipeline modules 1n the plurality, p, of pipeline modules and
a number of pixel values that the pixelated display device
‘demands’ (1.e. needs to be furnished with) per unit time.

The logic circuit may be arranged to output a stream of
pixel position values, x, for a row of a pixelated display
device that demands a pre-determined number, k, of pixel
values per pre-defined time cycle, wherein k 1s a factor of the
number of pipeline modules comprised within the plurality,
p, of pipeline modules. In this context, the term ‘factor’ may
be regarded as meaning a mathematical factor, such that the
value of k may be multiplied by a whole (positive) number
to produce the value of p. For example, p may be equal to
k or 1t may be double k, and so on.
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There may be a correlation between the length (1n units of
time) of the pre-defined time cycle (or ‘clock cycle’) of the
logic circuit and the number of pipeline modules 1n the
plurality, p, of pipeline modules, as compared to a demand
of the pixelated display device. The demand of the pixelated
display device may be regarded as being the number of pixel
values that the pixelated display device ‘demands’ (i.e.
needs to be furnished with) per unmit time, or per ‘clock
cycle’. As mentioned above, the clock cycle of the pixelated
display device may be the same as the clock cycle (ore
pre-defined time cycle) of the logic circuit. The logic circuit
may be arranged to meet that demand, by providing a
plurality of outputs from a corresponding plurality, p, of
pipeline modules, per pre-defined time cycle. If the logic
circuit operates relatively slowly, such that the length (in
units of time) of the pre-defined time cycle of the logic
circuit 1s relatively long, then more pipeline modules will be
needed to meet the demands of the pixelated display device,
per unit time. Conversely, 1 the logic circuit operates
relatively quickly, such that the pre-defined time cycle 1s
relatively short, then fewer pipeline modules will be needed
to meet the demands of the pixelated display device, per unit
time.

The logic circuit may be arranged to provide as many
pixel values per unit time as are demanded by the pixelated
display device. However, 1n some cases, the logic circuit
may be arranged to provide fewer pixel values per unit time
than are (or than could be) demanded by the pixelated
display device.

Each of the plurality, p, of pipeline modules may be
arranged to output its unique multi-bit binary output, o,, for
a pre-defined time cycle at substantially the same time as
cach of the respective other pipeline modules. Therelfore, the
logic circuit may be arranged to output a plurality, p, of
outputs at substantially the same time. Each of those outputs
may comprise a multi-bit binary representation of a respec-
tive pixel position value, x, for a row of a pixelated display
device. The plurality of multi-bit binary representations of
respective pixel position values, X, which are output at a
given time (for example, at the end of a pre-defined time
cycle), by the logic circuit may comprise sequential pixel
position values.

The pixelated display device may be arranged to display
a light modulation pattern comprising the software function
values F(x). The pixelated display device may comprise a
spatial light modulator.

The software function values F(x), for display on [mxn]
pixels of a pixelated display device, may comprise values of
a lens function or a grating function.

The lens function or grating function may be provided for
display 1n combination with a hologram on a pixelated
display device.

According to an aspect, a logic device 1s provided,
comprising the logic circuit according to any of the above-
described aspects, wherein the device comprises an appli-
cation specific integrated circuit, ASIC, or a programmable
logic device, PLD.

The logic device may comprise a field programmable gate
array, FPGA.

The logic device may comprise more than one logic
circuit according to any of the above-described aspects.

According to an aspect, a holographic projector 1s pro-
vided comprising: a logic device according to an above
aspect; a pixelated display device arranged to display a light
modulation pattern comprising the software function values
F(x), calculated in accordance with the stream of pixel
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position values, X; and a light source arranged to 1lluminate
the light modulation pattern with light having a wavelength,
M.

The logic device within the holographic projector may be
turther arranged to add the software function values F(x), 5
calculated 1n accordance with the stream of pixel position
values, X, to hologram pixel values of a stream of hologram
pixel values to form a data stream of display values, wherein
the light modulation pattern 1s formed 1n accordance with
the stream of display values provided to the pixelated 10
display device by the logic device.

According to an aspect, a head-up display may be pro-
vided, comprising the holographic projector of an above
aspect.

According to an aspect, a method 1s provided of streaming 15
pixel position values, X, for a row of a pixelated display
device, for calculation of corresponding software function
values F(x), for display on [mxn] pixels of the pixelated
display device, wherein the stream comprises sequential
numbers from 0 to (n-1). The method comprises providing 20
a multi-bit binary input, 1, to each of a plurality, p, of pipeline
modules, in common, during a pre-defined time cycle,
wherein the pipeline modules have respective individual
pipeline identity values, v, from v=0 to v=(p-1). The method
turther comprises, at each of the plurality, p, of pipeline 25
modules, for the pre-defined time cycle: receiving the multi-
bit binary input, 1; appending a binary representation of its
individual pipeline 1dentity value, v, to the recerved multi-bat
binary input, 1; and outputting a unique multi-bit binary
output, o, that comprises a combination of the received 30
multi-bit binary 1nput, 1, and the binary representation of its
individual pipeline identity value, v.

The method may further comprise receiving the unique
multi-bit binary outputs, o,, from each of the pipeline
modules 1n the plurality, p, of pipeline modules, and using 35
the received unique multi-bit binary outputs, o,, as pixel
position values, X, for a row of a pixelated display device, for
use 1n calculation of corresponding soitware function values
F(x), for display on [mxn] pixels of a pixelated display
device. 40

According to an aspect, a logic circuit 1s provided,
wherein the logic circuit 1s arranged to output a stream of
pixel position values, X, for a row or a column of a pixelated
display device, for calculation of corresponding software
function values F(x), for display on [mxn] pixels of the 45
pixelated display device; wherein the stream comprises
sequential numbers from 0 to (n-1), 11 the pixel position
values are for a row; or wherein the stream comprises
sequential numbers from 0 to (m-1), 1f the pixel position
values are for a column. The logic circuit comprises a unity 50
addition module and a plurality, p, of pipeline modules,
wherein the pipeline modules have respective individual
pipeline 1dentity values, v, from v=0 to v=(p-1). The unity
addition module 1s arranged to provide a multi-bit binary
iput, 1, to each of the plurality, p, of pipeline modules, 1n 55
common, during a pre-defined time cycle. Each pipeline
module 1s arranged, for the pre-defined time cycle, to:
receive the multi-bit binary input, 1, from the unity addition
module; append a binary representation of 1ts individual
pipeline i1dentity value, v, to the received multi-bit binary 60
input, 1; and to output a unique multi-bit binary output, o,
that comprises a combination of the received multi-bit
binary input, 1, and the binary representation of 1ts individual
pipeline 1dentity value, v.

The [mxn] pixels of the pixelated display device may be 65
formed from ‘m’ rows and ‘n’ columns, wherein ‘m’ and ‘n’
are whole, positive integers. In such a case, there will be ‘n’

8

pixels 1n every row and ‘m’ pixels in every column of the
pixelated display device. The logic circuit may therefore be
arranged to output a stream of ‘n’ sequential pixel position
values for a row, wherein the individual pixel values begin
at O (at the 1° pixel of the row) and increase in whole integer
steps to ‘n—1" (at the n” pixel of the row). Alternatively or
additionally, the logic circuit may be arranged to output a
stream of ‘m’ sequential pixel position values for a column,
wherein the individual pixel values begin at O (at the 1°* pixel
of the column) and increase 1n whole integer steps to ‘m—1"
(at the m” pixel of the column).

The term “hologram” 1s used to refer to the recording
which contains amplitude information or phase information,
or some combination thereof, regarding the object. The term
“holographic reconstruction” 1s used to refer to the optical
reconstruction of the object which 1s formed by 1lluminating
the hologram. The system disclosed herein 1s described as a
“holographic projector” because the holographic reconstruc-
tion 1s a real 1mage and spatially-separated from the holo-
gram. The term “replay field” 1s used to refer to the 2D area
within which the holographic reconstruction 1s formed and
tully focused. If the hologram 1s displayed on a spatial light
modulator comprising pixels, the replay field will be
repeated 1n the form of a plurality difiracted orders wherein
cach diffracted order i1s a replica of the zeroth-order replay
field. The zeroth-order replay field generally corresponds to
the preferred or primary replay field because 1t 1s the
brightest replay field. Unless explicitly stated otherwise, the
term “replay field” should be taken as referring to the
zeroth-order replay field. The term “replay plane” 1s used to
refer to the plane 1n space contaiming all the replay fields.
The terms “1mage”, “replay image™ and “image region” refer
to areas of the replay field illuminated by light of the
holographic reconstruction. In some embodiments, the
“1mage” may comprise discrete spots which may be referred
to as “image spots” or, for convenience only, “1image pixels™.

The terms “encoding”, “writing” or “addressing” are used
to describe the process of providing the plurality of pixels of
the SLM with a respective plurality of control values which
respectively determine the modulation level of each pixel. It
may be said that the pixels of the SLM are configured to
“display” a light modulation distribution in response to
receiving the plurality of control values. Thus, the SLM may
be said to “display” a hologram and the hologram may be
considered an array of light modulation values or levels.

It has been found that a holographic reconstruction of
acceptable quality can be formed from a “hologram™ con-
taining only phase information related to the Fourier trans-
form of the original object. Such a holographic recording
may be referred to as a phase-only hologram. Embodiments
relate to a phase-only hologram but the present disclosure 1s
equally applicable to amplitude-only holography.

The present disclosure 1s also equally applicable to form-
ing a holographic reconstruction using amplitude and phase
information related to the Fourier transtform of the original
object. In some embodiments, this 1s achieved by complex
modulation using a so-called fully complex hologram which
contains both amplitude and phase information related to the
original object. Such a hologram may be referred to as a
fully-complex hologram because the value (grey level)
assigned to each pixel of the hologram has an amplitude and
phase component. The value (grey level) assigned to each
pixel may be represented as a complex number having both
amplitude and phase components. In some embodiments, a
tully-complex computer-generated hologram 1s calculated.

Reference may be made to the phase value, phase com-

ponent, phase information or, simply, phase of pixels of the
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computer-generated hologram or the spatial light modulator
as shorthand for “phase-delay”. That 1s, any phase value
described 1s, 1n fact, a number (e.g. in the range 0 to 2m)
which represents the amount of phase retardation provided
by that pixel. For example, a pixel of the spatial light
modulator described as having a phase value of m/2 will
retard the phase of received light by n/2 radians. In some
embodiments, each pixel of the spatial light modulator 1s
operable 1n one of a plurality of possible modulation values
(e.g. phase delay values). The term “grey level” may be used
to refer to the plurality of available modulation levels. For
example, the term “grey level” may be used for convenience
to refer to the plurality of available phase levels 1n a
phase-only modulator even though different phase levels do
not provide different shades of grey. The term “grey level”
may also be used for convenience to refer to the plurality of
available complex modulation levels 1n a complex modula-
tor.

The hologram therefore comprises an array of grey lev-
cls—that 1s, an array of light modulation values such as an
array ol phase-delay values or complex modulation values.
The hologram 1s also considered a diflractive pattern
because 1t 1s a pattern that causes diflraction when displayed
on a spatial light modulator and illuminated with light
having a wavelength comparable to, generally less than, the
pixel pitch of the spatial light modulator. Reference 1s made
herein to combining the hologram with other diffractive
patterns such as diffractive patterns functioning as a lens or
grating. For example, a diflractive pattern functioning as a
grating may be combined with a hologram to translate the
replay field on the replay plane or a diflractive pattern
functioning as a lens may be combined with a hologram to
focus the holographic reconstruction on a replay plane 1n the
near field.

Although different embodiments and groups of embodi-
ments may be disclosed separately in the detailed descrip-
tion which follows, any feature of any embodiment or group
of embodiments may be combined with any other feature or
combination of features of any embodiment or group of
embodiments. That 1s, all possible combinations and per-
mutations of features disclosed 1n the present disclosure are

envisaged.

BRIEF DESCRIPTION OF THE DRAWINGS

Specific embodiments are described by way of example
only with reference to the following figures:

FI1G. 1 1s a schematic showing a reflective SLM producing,
a holographic reconstruction on a screen;

FIG. 2A 1llustrates a first iteration of an example Gerch-
berg-Saxton type algorithm;

FIG. 2B illustrates the second and subsequent iterations of
the example Gerchberg-Saxton type algorithm;

FIG. 2C 1illustrates alternative second and subsequent
iterations of the example Gerchberg-Saxton type algorithm;

FIG. 3 1s a schematic of a reflective LCOS SLM:

FI1G. 4 1s a schematic of a logic circuit, 1n accordance with
embodiments;

FIG. 5 1s a schematic of the pipeline modules of FIG. 4,
according to an embodiment;

FIG. 6 1s a table showing possible mputs and outputs of
the pipeline modules of FIG. 4.

The same reference numbers will be used throughout the
drawings to refer to the same or like parts.

DETAILED DESCRIPTION OF EMBODIMENTS

The present invention 1s not restricted to the embodiments
described 1n the following but extends to the full scope of the
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appended claims. That 1s, the present invention may be
embodied 1n different forms and should not be construed as
limited to the described embodiments, which are set out for

the purpose of 1illustration.

Terms of a singular form may include plural forms unless
specified otherwise.

A structure described as being formed at an upper portion/
lower portion of another structure or on/under the other
structure should be construed as including a case where the
structures contact each other and, moreover, a case where a
third structure 1s disposed there between.

In describing a time relationship—ior example, when the

temporal order of events i1s described as “‘after”, “subse-

quent”, “next”, “before” or suchlike—the present disclosure

should be taken to include continuous and non-continuous
events unless otherwise specified. For example, the descrip-
tion should be taken to include a case which 1s not continu-

ous unless wording such as “just”, “immediate” or “direct”

1s used.

Although the terms “first”, “second”, etc. may be used
herein to describe various elements, these elements are not
to be limited by these terms. These terms are only used to
distinguish one element from another. For example, a first
clement could be termed a second element, and, similarly, a
second element could be termed a first element, without
departing from the scope of the appended claims.

Features of different embodiments may be partially or
overall coupled to or combined with each other, and may be
variously inter-operated with each other. Some embodi-
ments may be carried out independently from each other, or
may be carried out together 1n co-dependent relationship.
Optical Configuration

FIG. 1 shows an embodiment in which a computer-
generated hologram 1s encoded on a single spatial light
modulator. The computer-generated hologram 1s a Fourier
transiform of the object for reconstruction. It may therefore
be said that the hologram 1s a Fourier domain or frequency
domain or spectral domain representation of the object. In
this embodiment, the spatial light modulator 1s a reflective
liquid crystal on silicon, “LCOS”, device. The hologram 1s
encoded on the spatial light modulator and a holographic
reconstruction 1s formed at a replay field, for example, a
light receiving surface such as a screen or diffuser.

A light source 110, for example a laser or laser diode, 1s
disposed to 1lluminate the SLM 140 via a collimating lens
111. The collimating lens causes a generally planar wave-
front of light to be incident on the SLM. In FIG. 1, the
direction of the wavetront 1s off-normal (e.g. two or three
degrees away from being truly orthogonal to the plane of the
transparent layer). However, in other embodiments, the
generally planar wavetront 1s provided at normal incidence
and a beam splitter arrangement 1s used to separate the mput
and output optical paths. In the embodiment shown 1n FIG.
1, the arrangement 1s such that light from the light source 1s
reflected ofl a mirrored rear surface of the SLM and interacts
with a light-modulating layer to form an exit wavetront 112.
The exit wavelront 112 1s applied to optics including a
Fourier transtorm lens 120, having 1ts focus at a screen 125.
More specifically, the Fourier transform lens 120 receives a
beam of modulated light from the SLM 140 and performs a
frequency-space transiformation to produce a holographic
reconstruction at the screen 125.

Notably, 1n this type of holography, each pixel of the
hologram contributes to the whole reconstruction. There 1s
not a one-to-one correlation between specific points (or
image pixels) on the replay field and specific light-modu-
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lating elements (or hologram pixels). In other words, modu-
lated light exiting the light-modulating layer 1s distributed
across the replay field.

In these embodiments, the position of the holographic
reconstruction 1n space 1s determined by the dioptric (focus-
ing) power of the Fourier transform lens. In the embodiment
shown 1n FIG. 1, the Fourier transform lens i1s a physical
lens. That 1s, the Fourier transform lens 1s an optical Fourier
transform lens and the Fourier transform i1s performed
optically. Any lens can act as a Fourier transform lens but the
performance of the lens will limit the accuracy of the Fourier
transform it performs. The skilled person understands how
to use a lens to perform an optical Fourier transform.
Hologram Calculation

In some embodiments, the computer-generated hologram
1s a Fourier transform hologram, or simply a Fourier holo-
gram or Fourier-based hologram, i which an image 1is
reconstructed 1n the far field by utilising the Fourier trans-
forming properties of a positive lens. The Fourier hologram
1s calculated by Fourier transforming the desired light field
in the replay plane back to the lens plane. Computer-
generated Fourier holograms may be calculated using Fou-
rier transforms.

A Fourier transform hologram may be calculated using an
algorithm such as the Gerchberg-Saxton algorithm. Further-
more, the Gerchberg-Saxton algorithm may be used to
calculate a hologram in the Fourier domain (1.e. a Fourier
transform hologram) from amplitude-only information in
the spatial domain (such as a photograph). The phase
information related to the object 15 effectively “retrieved”
from the amplitude-only information in the spatial domain.
In some embodiments, a computer-generated hologram 1s
calculated from amplitude-only information using the Ger-
chberg-Saxton algorithm or a variation thereof.

The Gerchberg Saxton algorithm considers the situation
when 1ntensity cross-sections of a light beam, 1 ,(x, y) and
[.(x, v), 1n the planes A and B respectively, are known and
I ,(x,y)andI5(x, y)are related by a single Fourier transform.
With the given intensity cross-sections, an approximation to
the phase distribution in the planes A and B, W (X, v) and
W_(Xx, v) respectively, 1s found. The Gerchberg-Saxton algo-
rithm finds solutions to this problem by following an itera-
tive process. More specifically, the Gerchberg-Saxton algo-
rithm 1teratively applies spatial and spectral constraints
while repeatedly transferring a data set (amplitude and
phase), representative of 1,(X, v) and 1,(X, v), between the
spatial domain and the Fourier (spectral or frequency)
domain. The corresponding computer-generated hologram
in the spectral domain 1s obtained through at least one
iteration of the algorithm. The algorithm 1s convergent and
arranged to produce a hologram representing an 1nput
image. The hologram may be an amplitude-only hologram,
a phase-only hologram or a fully complex hologram.

In some embodiments, a phase-only hologram i1s calcu-
lated using an algorithm based on the Gerchberg-Saxton
algorithm such as described in British patent 2,498,170 or
2,501,112 which are hereby incorporated 1n their entirety by
reference. However, embodiments disclosed herein describe
calculating a phase-only hologram by way of example only.
In these embodiments, the Gerchberg-Saxton algorithm
retrieves the phase mnformation W[u, v] of the Fourier
transform of the data set which gives rise to a known
amplitude mnformation T[x, y], wherein the amplitude infor-
mation T[x, y] 1s representative of a target image (e.g. a
photograph). Since the magnitude and phase are intrinsically
combined in the Fourier transform, the transformed magni-
tude and phase contain useful information about the accu-
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racy of the calculated data set. Thus, the algorithm may be
used iteratively with feedback on both the amplitude and the
phase information. However, 1in these embodiments, only the
phase information W[u, v] 1s used as the hologram to form
a holographic representative of the target image at an 1mage
plane. The hologram 1s a data set (e.g. 2D array) of phase
values.

In other embodiments, an algorithm based on the Gerch-
berg-Saxton algorithm 1s used to calculate a fully-complex
hologram. A fully-complex hologram 1s a hologram having
a magnitude component and a phase component. The holo-
gram 1s a data set (e.g. 2D array) comprising an array of
complex data values wherein each complex data value
comprises a magnitude component and a phase component.

In some embodiments, the algorithm processes complex
data and the Fourier transforms are complex Fourier trans-
tforms. Complex data may be considered as comprising (1) a
real component and an i1magiary component or (1) a
magnitude component and a phase component. In some
embodiments, the two components of the complex data are

processed diflerently at various stages of the algorithm.

FIG. 2A 1llustrates the first iteration of an algorithm 1n
accordance with some embodiments for calculating a phase-
only hologram. The 1mnput to the algorithm 1s an input image
210 comprising a 2D array of pixels or data values, wherein
cach pixel or data value 1s a magnitude, or amplitude, value.
That 1s, each pixel or data value of the input image 210 does
not have a phase component. The input 1image 210 may
therefore be considered a magnitude-only or amplitude-only
or mtensity-only distribution. An example of such an mput
image 210 1s a photograph or one frame of video comprising
a temporal sequence of frames. The first iteration of the
algorithm starts with a data forming step 202A comprising
assigning a random phase value to each pixel of the mput
image, using a random phase distribution (or random phase
seed) 230, to form a starting complex data set wherein each
data element of the set comprising magnitude and phase. It
may be said that the starting complex data set 1s represen-
tative of the input 1mage 1n the spatial domain.

First processing block 250 receives the starting complex
data set and performs a complex Fourier transform to form
a Fourier transformed complex data set. Second processing
block 253 receives the Fourier transtormed complex data set
and outputs a hologram 280A. In some embodiments, the
hologram 280A 1s a phase-only hologram. In these embodi-
ments, second processing block 253 quantiles each phase
value and sets each amplitude value to unity 1n order to form
hologram 280A. Each phase value 1s quantised 1n accor-
dance with the phase-levels which may be represented on
the pixels of the spatial light modulator which will be used
to “display” the phase-only hologram. For example, 1f each
pixel of the spatial light modulator provides 256 diflerent
phase levels, each phase value of the hologram 1s quantised
into one phase level of the 256 possible phase levels.
Hologram 280A 1s a phase-only Fourier hologram which 1s
representative of an input image. In other embodiments, the
hologram 280A 1s a fully complex hologram comprising an
array of complex data values (each including an amplitude
component and a phase component) derived from the
received Fourier transformed complex data set. In some
embodiments, second processing block 253 constrains each
complex data value to one of a plurality of allowable
complex modulation levels to form hologram 280A. The
step of constraining may include setting each complex data
value to the nearest allowable complex modulation level 1n

the complex plane. It may be said that hologram 280A 1s
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representative of the mput image 1n the spectral or Fourier
or frequency domain. In some embodiments, the algorithm
stops at this point.

However, in other embodiments, the algorithm continues
as represented by the dotted arrow 1n FIG. 2A. In other
words, the steps which follow the dotted arrow 1n FIG. 2A
are optional (1.e. not essential to all embodiments).

Third processing block 256 receives the modified com-
plex data set from the second processing block 253 and
performs an inverse Fourier transform to form an inverse
Fourier transformed complex data set. It may be said that the
inverse Fourier transformed complex data set 1s representa-
tive of the input 1mage 1n the spatial domain.

Fourth processing block 259 receives the inverse Fourier
transformed complex data set and extracts the distribution of
magnitude values 211 A and the distribution of phase values
213A. Optionally, the fourth processing block 259 assesses
the distribution of magnitude values 211 A. Specifically, the
fourth processing block 259 may compare the distribution of
magnitude values 211A of the mverse Fourier transformed
complex data set with the input image 510 which 1s itself, of
course, a distribution of magnitude values. If the diflerence
between the distribution of magnitude values 211 A and the
input image 210 1s suthiciently small, the fourth processing
block 259 may determine that the hologram 280A 1s accept-
able. That 1s, 1 the difference between the distribution of
magnitude values 211A and the input image 210 1s suili-
ciently small, the fourth processing block 259 may deter-
mine that the hologram 280A 1s a sufliciently-accurate
representative of the mput 1mage 210. In some embodi-
ments, the distribution of phase values 213 A of the inverse
Fourier transtformed complex data set i1s 1gnored for the
purpose ol the comparison. It will be appreciated that any
number of different methods for comparing the distribution
of magmitude values 211 A and the mnput image 210 may be
employed and the present disclosure i1s not limited to any
particular method. In some embodiments, a mean square
difference 1s calculated and if the mean square difference 1s
less than a threshold value, the hologram 280A 1s deemed
acceptable. If the fourth processing block 259 determines
that the hologram 280A 1s not acceptable, a further iteration
of the algorithm may be performed. However, this compari-
son step 1s not essential and 1n other embodiments, the
number of iterations of the algorithm performed 1s prede-
termined or preset or user-defined.

FIG. 2B represents a second iteration of the algorithm and
any further iterations of the algorithm. The distribution of
phase values 213A of the preceding iteration 1s fed-back
through the processing blocks of the algorithm. The distri-
bution of magnitude values 211A 1s rejected 1n favour of the
distribution of magnitude values of the input 1image 210. In
the first 1iteration, the data forming step 202 A formed the first
complex data set by combiming distribution of magnitude
values of the input 1mage 210 with a random phase distri-
bution 230. However, 1n the second and subsequent itera-
tions, the data forming step 202B comprises forming a
complex data set by combining (1) the distribution of phase
values 213A from the previous iteration of the algorithm
with (11) the distribution of magnitude values of the input
image 210.

The complex data set formed by the data forming step
202B of FIG. 2B 1s then processed in the same way
described with reference to FIG. 2A to form second iteration
hologram 280B. The explanation of the process 1s not
therefore repeated here. The algorithm may stop when the
second iteration hologram 280B has been calculated. How-
ever, any number of further iterations of the algorithm may
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be performed. It will be understood that the third processing
block 256 1s only required 1t the fourth processing block 259
1s required or a further iteration 1s required. The output
hologram 280B generally gets better with each 1teration.
However, 1n practice, a point 1s usually reached at which no
measurable improvement 1s observed or the positive benefit
of performing a further iteration 1s out-weighted by the
negative eflect of additional processing time. Hence, the
algorithm 1s described as 1iterative and convergent.

FIG. 2C represents an alternative embodiment of the
second and subsequent iterations. The distribution of phase
values 213 A of the preceding iteration 1s fed-back through
the processing blocks of the algorithm. The distribution of
magnitude values 211A 1s rejected in favour of an alternative
distribution of magnitude values. In this alternative embodi-
ment, the alternative distribution of magnitude values 1s
derived from the distribution of magnitude values 211 of the
previous iteration. Specifically, processing block 258 sub-
tracts the distribution of magnitude values of the input image
210 from the distribution of magnitude values 211 of the
previous iteration, scales that diflerence by a gain factor .
and subtracts the scaled difference from the mput 1image 210.
This 1s expressed mathematically by the following equa-
tions, wherein the subscript text and numbers indicate the
iteration number:

RH+ 1 [x,y] :Fl{exp(iwn [H: V] )}
Y[ V]=LE{Mexp({LR,[x,y]) ]

n=11x,y]-a(IR, [xy]|-TTx,y])

where:

F' 1s the inverse Fourier transform;

F i1s the forward Fourier transtform;

R[x, y] 1s the complex data set output by the third
processing block 256;

T[x, y] 1s the mput or target image;

/_ 1s the phase component;

W 15 the phase-only hologram 280B;

N 1s the new distribution of magnitude values 211B; and

a. 1s the gain factor.

The gain factor ¢. may be fixed or variable. In some
embodiments, the gain factor o 1s determined based on the
size and rate of the mncoming target image data. In some
embodiments, the gain factor o 1s dependent on the 1teration
number. In some embodiments, the gain factor o 1s solely
function of the iteration number.

The embodiment of FIG. 2C 1s the same as that of FIG.
2A and FIG. 2B 1n all other respects. It may be said that the
phase-only hologram W(u, v) comprises a phase distribution
in the frequency or Fourier domain.

In some embodiments, the Fourier transform 1s performed
using the spatial light modulator. Specifically, the hologram
data 1s combined with second data providing optical power.
That 1s, the data written to the spatial light modulation
comprises hologram data representing the object and lens
data representative of a lens. When displayed on a spatial
light modulator and illuminated with light, the lens data
emulates a physical lens—that 1s, 1t brings light to a focus 1n
the same way as the corresponding physical optic. The lens
data therefore provides optical, or focusing, power. In these
embodiments, the physical Fourier transform lens 120 of
FIG. 1 may be omitted. It 1s known how to calculate data
representative of a lens. The data representative of a lens
may be referred to as a soltware lens. For example, a
phase-only lens may be formed by calculating the phase
delay caused by each point of the lens owing to its refractive
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index and spatially-variant optical path length. For example,
the optical path length at the centre of a convex lens 1s
greater than the optical path length at the edges of the lens.
An amplitude-only lens may be formed by a Fresnel zone
plate. It 1s also known 1n the art of computer-generated
holography how to combine data representative of a lens
with a hologram so that a Fournier transtorm of the hologram
can be performed without the need for a physical Fourier
lens. In some embodiments, lensing data 1s combined with
the hologram by simple addition such as simple vector
addition. In some embodiments, a physical lens 1s used 1n
conjunction with a software lens to perform the Fourier
transform. Alternatively, in other embodiments, the Fourier
transform lens 1s omitted altogether such that the holo-
graphic reconstruction takes place in the far-field. In further
embodiments, the hologram may be combined 1n the same
way with grating data—that 1s, data arranged to perform the
function of a grating such as image steering. Again, it 1s
known 1n the field how to calculate such data. For example,
a phase-only grating may be formed by modelling the phase
delay caused by each point on the surface of a blazed
grating. An amplitude-only grating may be simply superim-
posed with an amplitude-only hologram to provide angular
steering of the holographic reconstruction. The second data
providing lensing and/or steering may be referred to as a
light processing function or light processing pattern to
distinguish from the hologram data which may be referred to
as an 1mage forming function or image forming pattern.

In some embodiments, the Fourier transform 1s performed
jointly by a physical Fourier transform lens and a software
lens. That 1s, some optical power which contributes to the
Fourier transform 1s provided by a software lens and the rest
of the optical power which contributes to the Fourier trans-
form 1s provided by a physical optic or optics.

In some embodiments, there 1s provided a real-time
engine arranged to recerve image data and calculate holo-
grams 1n real-time using the algorithm. In some embodi-
ments, the 1mage data 1s a video comprising a sequence of
image Iframes. In other embodiments, the holograms are
pre-calculated, stored 1n computer memory and recalled as
needed for display on a SLM. That 1s, 1n some embodiments,
there 1s provided a repository of predetermined holograms.

Embodiments relate to Fourier holography and Gerch-
berg-Saxton type algorithms by way of example only. The
present disclosure 1s equally applicable to Fresnel hologra-
phy and Fresnel holograms which may be calculated by a
similar method. The present disclosure is also applicable to
holograms calculated by other techniques such as those
based on point cloud methods.

Light Modulation

A spatial light modulator may be used to display the
diffractive pattern including the computer-generated holo-
gram. 1T the hologram 1s a phase-only hologram, a spatial
light modulator which modulates phase 1s required. I the
hologram 1s a fully-complex hologram, a spatial light modu-
lator which modulates phase and amplitude may be used or
a first spatial light modulator which modulates phase and a
second spatial light modulator which modulates amplitude
may be used.

In some embodiments, the light-modulating elements (1.¢.
the pixels) of the spatial light modulator are cells containing,
liquad crystal. That 1s, 1n some embodiments, the spatial light
modulator 1s a liquid crystal device 1n which the optically-
active component 1s the liquid crystal. Each liqud crystal
cell 1s configured to selectively-provide a plurality of light
modulation levels. That 1s, each liquid crystal cell 1s con-
figured at any one time to operate at one light modulation
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level selected from a plurality of possible light modulation
levels. Each liquid crystal cell 1s dynamically-reconfigurable
to a diflerent light modulation level from the plurality of
light modulation levels. In some embodiments, the spatial
light modulator 1s a reflective liquid crystal on silicon
(LCOS) spatial light modulator but the present disclosure 1s
not restricted to this type of spatial light modulator.

A LCOS device provides a dense array of light modulat-
ing elements, or pixels, within a small aperture (e.g. a few
centimetres in width). The pixels are typically approxi-
mately 10 microns or less which results 1n a diffraction angle
of a few degrees meaning that the optical system can be
compact. It 1s easier to adequately illuminate the small
aperture of a LCOS SLM than 1t 1s the larger aperture of
other liguid crystal devices. An LCOS device 1s typically
reflective which means that the circuitry which drives the
pixels of a LCOS SLM can be buried under the reflective
surface. The results 1n a higher aperture ratio. In other words,
the pixels are closely packed meaning there 1s very little
dead space between the pixels. This 1s advantageous because
it reduces the optical noise 1n the replay field. A LCOS SLM
uses a silicon backplane which has the advantage that the
pixels are optically flat. This 1s particularly important for a
phase modulating device.

A suitable LCOS SLM 1s described below, by way of
example only, with reference to FIG. 3. An LCOS device 1s
formed using a single crystal silicon substrate 302. It has a
2D array of square planar aluminium electrodes 301, spaced
apart by a gap 301a, arranged on the upper surface of the
substrate. Each of the electrodes 301 can be addressed via
circuitry 302a buried in the substrate 302. Fach of the
clectrodes forms a respective planar mirror. An alignment
layer 303 1s disposed on the array of electrodes, and a liquid
crystal layer 304 1s disposed on the alignment layer 303. A
second alignment layer 303 is disposed on the planar trans-
parent layer 306, ¢.g. of glass. A single transparent electrode
307 e.g. of ITO 1s disposed between the transparent layer
306 and the second alignment layer 305.

Each of the square electrodes 301 defines, together with
the overlying region of the transparent electrode 307 and the
intervening liquid crystal material, a controllable phase-
modulating element 308, often referred to as a pixel. The
cllective pixel area, or fill factor, 1s the percentage of the
total pixel which 1s optically active, taking into account the
space between pixels 301a. By control of the voltage applied
to each electrode 301 with respect to the transparent elec-
trode 307, the properties of the liquid crystal material of the
respective phase modulating element may be varied, thereby
to provide a variable delay to light incident thereon. The
cllect 1s to provide phase-only modulation to the wavetront,

1.e. no amplitude eflect occurs.
The described LCOS SLM outputs spatially modulated

light 1n reflection. Reflective LCOS SLMs have the advan-
tage that the signal lines, gate lines and transistors are below
the mirrored surface, which results 1n high fill factors
(typically greater than 90%) and high resolutions. Another
advantage of using a reflective LCOS spatial light modulator
1s that the liquid crystal layer can be half the thickness than
would be necessary if a transmissive device were used. This
greatly improves the switching speed of the liquid crystal (a
key advantage for the projection of moving video images).
However, the teachings of the present disclosure may
equally be implemented using a transmissive LCOS SLM.

Provision of Pixel Position Values

As described above, a hologram may be combined with
one or more other diflractive patterns, such as a diffractive
pattern functioning as a software lens or a software grating,
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to provide combined data for display on a spatial light
modulator (SLM), for example an LCOS SLM. Such dii-
fractive patterns may also (or instead) be referred to as ‘light
processing functions’ or ‘light processing patterns’.

For example, a diflractive pattern that functions as a
grating may be combined with a hologram to translate the
replay field on the replay plane or a diffractive pattern that
functions as a lens may be combined with a hologram to
tocus the holographic reconstruction on a replay plane 1n the
near field. Diflractive patterns such as gratings and lenses
may be represented by respective soltware functions,
wherein each pixel of the spatial light modulator may have
a corresponding value of the software function. The skilled
reader will be familiar with the use of software function
values F(x), for representing dififractive patterns on the
pixels of a spatial light modulator.

For diffractive patterns such as a software lens or a grating
function, each value on the SLM (or other suitable pixelated
display device) 1s a function of both the ‘X’ coordinate and
the ‘y’ coordinate of the respective pixel to which the
soltware value will be written. As the skilled reader will be
aware, 1t 1s usual for a processing block (such as a processor
or logic device or logic circuit) to calculate the software
function values for the pixels of the SLM each time a
software function i1s to be written thereto, rather than, for
example, reading them from memory. Such calculations will
require the values of each pixel’s position coordinate. More-
over, the pixel position values often need to be supplied to
a suitable processing block, for calculation of corresponding
software function values, on a dynamic basis.

As will be familiar to the skilled reader, the pixel positions
in an SLM may be expressed by (X,y) coordinates. If the
s1ze, 1n terms ol number of pixels, of the SLM along the x
axis 1s referred to simply as ‘x’, then the ‘X’ parts (or x
components) of the pixel position values will be a sequential
stream, starting at 0, going up to ‘x—1’, for each row. The x
components of the software function values, calculated from
the stream of x values, may be denoted by F(x).

Similarly, 1f the size, 1n terms of number of pixels, of the
SL.M along the vy axis 1s referred to simply as ‘y’, then the
‘v’ part of the pixel position values will be a sequential
stream, starting at 0, going up to ‘y-1’, for each column. The
y components of the software function values, calculated
from the stream of y values, may be denoted by F(y).

As the skilled reader will also be aware, the size of an
SLM may also (or instead) be referred to using matrix
notation, with an [mxn] SLM having ‘m’ rows and ‘n’
columns. Using this notation, each row would have ‘n’
pixels therein. Therefore the ‘row’ part of the pixel position
values will be a sequential stream, starting at 0, going up to
‘n-1’, for each row. Similarly, using this notation, each
column would have ‘m’ pixels therein. Therefore the ‘col-
umn’ part of the pixel position values will be a sequential
stream, starting at 0, going up to ‘m-1’, for each column.

An SLM will typically have an operational speed, or rate,
at which 1t requires (or demands) values for the data that 1s
to be displayed thereon. In other words, an SLM will
typically demand a predetermined number of data values per
clock cycle (of the SLM). For example, an SLM may be
configured to display a dynamic sequence (or dynamic
plurality) of holograms, some or all of which may have to be
provided in combination with a software function or func-
tions. In some cases, the holograms themselves and/or the
soltware functions that should accompany them are calcu-
lated on a dynamic basis, for example 1n order to display
holograms corresponding to captured images on a substan-
tially real-time basis. In order to achieve this, an SLM
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should be supplied with 1ts required data streams on a
dynamic basis, at a suitable rate (or speed).

For software function calculation, an SLM—or a process-
ing block that 1s arranged to perform software function
calculation for the SLM-—should be supplied with a
datastream of pixel position values on a dynamic basis, to
enable the calculations to be performed at a rate which meets
the SLM’s demand. The datastream of pixel position values
may be fed into a data pipeline, which 1s effectively a queue
of data that 1s ‘waitting’ to be fed to the SLM (or to a suitable
processing block) and that 1s dynamically updated, to keep
the queued data fresh, for use by the SLM, or by the next
processing block 1n a chain.

If an SLM cannot be supplied with data quickly enough,
the system within which 1t 1s comprised will be forced to
either under-use the SLM and/or to slow down the system’s
overall rate of operation. This 1s ineflicient and generally
undesirable. For example, the SLM may part of a real-time
holographic system, arranged to produce holographic recon-
structions of 1mages captured on a real-time basis. For
example, this could form part of a heads-up display (HUD),
for example as part of a navigation system 1n a vehicle. In
such an arrangement, 1t may be safety-critical for the SLM
to work at a particular speed. Therefore, a suitable
datastream must be dynamically fed to the SLM, 1n order to
enable 1t to work at that speed.

Returning to the creation of a datastream; for each row of
an SLM that has ‘X’ pixels per row, the ‘X’ parts of the pixel
position values comprise a sequential stream of whole
integers, starting from zero and going up to (x-1). Conven-
tionally, a processing block such as logic device or logic
circuit—ifor example, an integrated circuit, comprising an
FPGA or ASIC—that requires a stream of consecutive
values would obtain them from an adder unit (or ‘unity
addition module’). As the skilled reader will be aware, an
adder unit typically comprises a plurality of logic gates, for
example a combination of OR, XOR, and AND logic gates,
which can be arranged and controlled to supply numbers on
a cyclical basis, adding one (1) to its immediately previ-
ously-supplied number, for every operational cycle (or
‘clock cycle’), m order to provide a stream of sequential
numbers. This generally provides a reliable stream of con-
secutive numbers, that could represent the ‘X’ parts of the
pixel position values (or, indeed, the ‘y’ parts of the pixel
position values). However, the rate at which those pixel
position values can be supplied 1s determined by the opera-
tional cycling rate (or ‘clock speed’) of the unity adder. As
the skilled reader will appreciate, an adder unit will typically
be comprised within an integrated circuit, such as an FPGA
or ASIC, and the clock speed of the adder unit will depend
on the clock speed of the integrated circuait.

A pixelated device, such as an SLM, and a unity adder that
supplies values to the pixelated display device, may have a
common clock cycle. Nonetheless, in many embodiments,
an SLM or other pixelated display device will be able, and
may be required, to demand data for display thereon at a rate
that 1s quicker than the typical cycling rate (or clock speed)
of a unity adder. The SLM may therefore demand multiple
pixel values, per operational cycle (or per ‘clock cycle’) of
a typical unity adder. This leads to two main options—-either
the speed at which the data 1s provided to the SLM should
be 1mproved, or the operation of the SLM must be slowed
down (or the SLM under-utilised). In many real-world
scenarios, 1t will be impractical, mneflicient, expensive and
therefore undesirable to opt for slowing down or under
utilising an SLM. Accordingly, 1t would be desirable to
increase the rate at which data can be provided to an SLM.
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The present mventors have identified a solution that
increases the rate at which data can be provided to a
pixelated display device, such as an SLM, for example an
LCOS.

The solution identified by the present inventors comprises
using a single unity adder with a plurality of pipelines (or
‘pipeline modules’), wherein the rate at which numbers are
provided by the unmity adder 1s effectively ‘scaled up’ (1.e.
multiplied) by a number equal to the number of pipelines
that are provided to work in conjunction with the unity
adder. As a result, it 1s possible to provide data at a quicker
rate, to a pixelated display device such as an SLM, or to
another device or circuit that carries out data calculation for
the pixelated display device. This 1s achieved by harnessing,
the features of binary numbers and employing parallel
operation of the pipeline modules, as detailed below.

FIG. 4 shows an example of a logic circuit 100 that may
be used to increase the rate at which data can be provided to
a pixelated display device, such as an SLM (not itself
shown). The logic circuit 100 may be comprised within a
logic device, which may comprise one or more additional
processing blocks such as logic circuits. The logic circuit
100 may be comprised within an integrated circuit such as
an FPGA or ASIC. The logic circuit 100 may feed data to an
SLM or other pixelated display device, or to another logic
circuit or logic device or processor. For example, it may feed
data to a second logic circuit within a common 1integrated
circuit such as an FPGA, wherein the second logic circuit 1s
arranged to calculate software function values, using a
sequence ol pixel position values that have been provided to
it by the logic circuit 100 of FIG. 4.

The logic circuit 100 1s arranged to provide an output
comprising batches (or groups) of sequential numbers, 1n
binary form. In this example, the logic circuit 1s arranged to
output the sequential numbers in batches (or groups) of four
numbers at a time, with the first number (1.e. the lowest
number) 1 each batch leading sequentially on from the
fourth number (1.e. the highest number) that was output 1n
the respective previous batch.

The logic circuit 100 comprises a unity addition module
(or ‘unity adder’) 102 and a plurality (p) comprising four
pipeline modules 104, labelled and referred to herein as
pipe,, pipe,, pipe,, and pipe,, respectively. The pipeline
modules 104 are shown 1n FIG. 4 as parallel entities. This 1s
not necessarily representative of a physical structure but 1s
representative ol them operating substantially 1n parallel
with one another, as detailed further below. Each pipeline
module 104 comprises an independent electrical conduait,
arranged for numbering (and/or other data) processing.

The unity adder 102 1s arranged to be controlled by a
suitable controller (not shown), wherein the controller will
be arranged to provide a ‘reset’ signal to the unity adder 102,
alter a suitable number of clock cycles. As the skilled reader
will be aware, the frequency with which the unity adder 102
should be reset will be dependent on a variety of factors such
as, for example, the size of the pixelated display device for
which 1t 1s supplying values.

The unity adder 102 1s arranged to output a number, 1, 1n
multi-bit binary form, and to transmit 1t to the plurality (p)
(or ‘group’) of pipeline modules 104, wherein each pipeline
module 104 within the plurality (p) of pipeline modules 1s
arranged to receive the same number, 1, from the unity adder
102 at substantially the same time as the respective others.
In the particular example shown 1n FIGS. 4 and 5 herein, the
plurality (p) comprises 4 pipeline modules, but other num-
bers of pipeline modules are also contemplated. The unity
adder 102 1s arranged to work on a cyclical basis, wherein
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it repeats its operation each cycle (1.e. each ‘clock cycle’),
increasing the output number, 1, by one (1) each cycle, and
transmitting 1t to the pipeline modules 104, in parallel with
one another.

In the logic circuit 100 of FIG. 4, the numbers output by
the unity adder 102 are not used directly as pixel position
values. Instead, each pipeline 104 1s assigned an individual
pipeline 1dentity value, v, (or a ‘significance number’), in
binary form, and each pipeline 104 is arranged to append its
individual pipeline identity value, v, to the number, 1,
received from the unity adder 102, each operational cycle.
The resultant multi-bit numbers, o,, are output from the
pipeline modules 104, for use as pixel position values for the
SLM.

To achieve this, each pipeline’s individual pipeline 1den-
tity value, v, indicates 1ts unique position, or ‘significance’,
within the plurality, (p), of pipelines, and 1s related to the
pixel position for which 1t outputs a pixel position number
on a first cycle of operation. This can be seen and better
understood 1n relation to FIG. 5. In this case, pipe, 1s the
pipeline module which outputs the pixel position value for
the first pixel in a row—i.e. 1t outputs ‘x=0’. Its individual
pipeline identity value, v 1s therefore equal to zero (0). It 1s
therefore assigned a two-bit binary identity representing
zero, 1.e. ‘00°. In turn; pipe, 1s the pipeline module which
outputs the pixel position value for the second pixel 1n a
row—1.e. 1t outputs ‘x=1". Its individual pipeline i1dentity
value, v 1s therefore equal to one (1). It 1s therefore assigned
a two-bit binary 1dentity representing one, 1.e. ‘01°. Moving
on; pipe, 1s the pipeline module which outputs the pixel
position value for the third pixel 1n a row—i.e. 1t outputs
‘x=2". Its individual pipeline identity value, v 1s therefore
equal to two (2). It 1s therefore assigned a two-bit binary
identity representing two, 1.¢. ‘10°. Finally; pipe; 1s the
pipeline module which outputs the pixel position value for
the fourth pixel 1n a row—i.e. 1t outputs ‘x=3". Its individual
pipeline 1dentity value, v 1s therefore equal to three (3). It 1s
therefore assigned a two-bit binary identity representing
three, 1.e. ‘11°.

For each cycle of operation, the parallel imcoming
instances of the multi-bit number, 1, from the unity adder
102, are concatenated with the individual significance (or
identity) number of each pipeline module 104, wherein the
pipeline significance 1s expressed 1n the least significant bits
of the resultant multi-bit binary number. That 1s; the binary
number, v, representing of each pipeline module’s respective
identity, or significance, 1s added to the end of the incoming
number, 1, from the unity adder 102. Each pipeline module
104 can then output its unique resultant number, o . This
should preferably be done by all the pipeline modules 104
substantially simultaneously.

In the example shown 1n FIG. 5, the number, 1, received
at the pipeline modules 104 from the umity adder 102,
comprises 7 bits. This 1s an example only and should not be
regarded as limiting. Any suitable number of bits may be
comprised in the numbers, 1, which are output by the unity
adder 102. The number of bits that are required, within each
multi-bit number, 1, output by the unity adder 102, may be
determined by the number of pixel position values (or, by the
number of ‘X’ components of pixel position values) that are
required for a row of the SLM. That 1s; if the SLM comprises
an array of pixels that has ‘m’ rows and ‘n’ columns, there
will be ‘n” pixels 1n each row. The ‘X’ part of the pixel
position value for each row will begin at 0 and will increase
sequentially (by a whole integer), from one pixel to the
respective next pixel, up until a value of (n—1). Therefore,
the unity adder 102 will be required to output binary
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numbers which have a suflicient numbers of bits to, when
concatenated by the pipeline modules’ individual pipeline
identity value, v, result 1n values, o,, being output by the
pipeline modules, 1n binary form, ranging from 0 to ‘n-1,
for use as pixel position values for the SLM.

In the particular example 1llustrated 1n FIGS. 4 and 5, the
multi-bit number from the unity adder 102 1s 7-bits long, and
the individual pipeline identity value, v, for each pipeline
module 104 1s represented by a 2-bit binary number. There-
fore, the resultant numbers are 9-bits long. This 1s just an
example and should not be regarded as limiting. The number
of bits used to represent the individual pipeline identity
values, v, may be different—1for example, based on the
number of pipeline modules 104 1n a plurality (p) of pipeline
modules. However, as mentioned above, the number of bits
in the incoming numbers from the unity adder 102 should be
large enough to ensure that, when the pipeline significance
numbers are appended thereto, the resultant numbers, o,
have enough bits to represent all of the pixel position values
that are required for a row.

For example, returning to FIG. 5; the number of columns
‘n’ 1n the SLM array may be five hundred and twelve (512).
The *x” part of the pixel position values will therefore have
to go from zero (0) to five hundred and eleven (511). The
number ‘5117 1s represented in binary form by nine “1’s, 1.¢.
it 1s 111 111 111. Therefore, for this example, where there
are 4 pipelines, with 2-bit significance numbers, the incom-
ing numbers from the unity adder 102 must have 7 bits, to
accommodate the creation of all the pixel position values
that are required for a row, from O to 511.

If there were a different number of pipelines 104, to which
the unity adder 102 supplied its numbers, the number of bits
in the numbers supplied by the unity adder 102 could be
different from the particular example shown in FIGS. 4 and
5. Stmilarly, if the SLM array was bigger or smaller than the
one 1n the particular example shown 1 FIGS. 4 and 5, this
could change the number of bits required 1n the numbers
supplied by the unity adder 102.

For example, 1f there were 8 pipeline modules, the 1ndi-
vidual pipeline identity values, v, (or ‘significance num-
bers’) for those pipeline modules would have values ranging,
from ‘v=0" to ‘v=7" and thus their binary representations
would each need to have 3 bits, because 7=111 in binary
form. The binary pipeline significance values 1n such an
example would be as follows: 000, 001, 010, 011, 100, 101,
110, and 111. Therefore, if those 8 pipelines were supplying
pixel position values for an SLM having 512 columns, and
thus having a highest ‘X’ position value in each row of 511,
it would be permissible for the incoming numbers from the
unity adder 102 to have 6 bits, because the resultant num-
bers, o,, when the significance numbers, v, of the pipelines
were appended thereto, would have 9 bats.

By way of another example, FIG. 6 comprises a table
showing the inputs (from a unity adder) and the outputs from
the 4 pipeline modules 104 of the logic circuit 100, if a
smaller SLM array was to be furnished with a stream of
pixel position values. The process in this example comprises
8 operational cycles of the unity adder. As the skilled reader
will appreciate; the number of operational cycles that are
required, to furnish an SLM or processing block with the
requisite number of pixel position values, will depend on the
size of the SLM array and on the number of pipeline
modules—more pipeline modules will produce correspond-
ingly more pixel position values, per operational cycle. In
this example, the SLM has 32 pixels per row. This means
that the highest ‘X’ component of the pixel position value,
per row, 1s 31, which 1s ‘11111° 1n binary form. This means
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that the numbers output from the pipeline modules 104 must
be 5 bits long. In this example, each pipeline module 104 has
a 2-bit individual pipeline identity value, v, (or ‘significance
number’), therefore the numbers supplied by the unity adder
need to be 3 bits long.

Regardless of how many bits are comprised therein, the
resultant multi-bit numbers, which are output from the
pipeline modules 104, comprise a sequence ol numbers.
Moreover, each sequence of output numbers follows on
directly from the immediately previously output sequence.
This can be seen and understood from FIG. 6. For example,
for the first cycle of operation, the sequence of output
numbers from the pipeline modules 1n FIG. 6 comprises a
binary representation of zero, one, two and three, which are
the required pixel position values for the ‘X’ components of
the first four pixels 1n a row of the SLM. For the second
cycle, in which the number provided by the unity adder has
increased by 1, the resultant numbers, when the significance
values of the pipeline modules have been appended to the
number from the unity adder, continue the sequence exactly
where the first group finished. That 1s; the lowest binary
number 1n the second batch of numbers, output from the
pipeline modules 1n the second cycle of operation, 1s one (1)
higher than the highest number that was previously output in
the first batch of numbers, output from the pipeline modules
in the first cycle of operation. It follows therefore, 1n this
example, that the second batch of output numbers can be
used as pixel position values for the fifth to eight pixels in
the row. As can be seen from FIG. 6, each batch of numbers
follows directly on from the respective previous one, up
until the maximum pixel position value 1s reached, with the
highest number 1n the final cycle of operation, i this
example.

The present mventors have recogmised that, due to the
properties ol binary numbers, the approach described above
in relation to FIGS. 4 to 6 can be adopted for any size of
array, for which pixel position values—or a stream of
sequential numbers, for any other purpose are to be pro-
vided. Moreover, any suitable number of pipeline modules
may be provided—i{or example, 4, 8, or 16 pipeline modules
may be used. Therefore, a plurality of (e.g. 4, 8 or 16) pixel
position values can be delivered to an SLM, or to another
processing block that makes a calculation for the SLM—ior
example, a calculation of software function values—at the
same time as one another. Thus, multiple pixel position
values can be output by the logic circuit 100 for every
operational cycle of the logic circuit 100, thus satisiying an
SLM’s demand for a high speed of operation, whilst still
using a single conventional unity adder. As the skilled reader
will appreciate, 1t 1s preferable to have multiple pipeline
modules and just one unity adder, as opposed to having
multiple unity adders, because it reduces the number of logic
gates within the logic circuit 100. Therefore, the logic circuit
1s more streamlined and eflicient, both structurally and
computationally.

The logic circuit 100 can enable the fast production of a
stream of sequential values, for use by an SLM or by another
processing block, yet no single entity within the logic circuit
100 has to work unrealistically quickly, not or 1s any entity
within the logic circuit 100 overburdened with computa-
tional tasks. That is; for each cycle of 1ts operation, the unity
adder 102 needs only to output one number, and 1t does not
have to work at an accelerated speed. Moreover, within the
system of pipeline modules 104, each pipeline module 104
only needs to calculate one value, by appending 1ts 1ndi-
vidual pipeline 1dentity value, v (or ‘significance number”)
to the mcoming number from the unity adder 102, per
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operational cycle. However, because a plurality of pipeline
modules can work in parallel with one another, the logic
circuit 100 as a whole 1s able to produce a plurality of output
numbers, for use as a stream of pixel position values for an
SLM, for every operational cycle of the unity adder 102.

The logic circuit described herein provides enhanced
clliciency and enables high-speed production of a data
stream of sequential numbers, using a low number of
entities. For example, only one unity adder 1s required, in the
logic circuit. This 1s advantageous in many embodiments, 1n
which physical and computation efliciency and cost-saving,
are 1mportant. For example, in holographic arrangements
having multiple wavelength channels, such as red, green and
blue channels, each with a corresponding SLLM, every circuit
that 1s needed for one SLM usually has to be replicated for
the two respective others. In such an arrangement, therefore,
any improvement in efliciency or cost saving for a single
SL.M has a three-fold effect on efliciency and cost saving for
the overall system. Moreover, with the logic circuit
described herein, we can also rescue the number of bits that
are used 1n the addition.

The logic circuit as described herein can be used to
provide a stream of sequential numbers to an SLM or to any
suitable processing block, such as a processor, another logic
circuit or a logic device. It can provide a stream of pixel
position values to a processing block that i1s arranged to
process solftware function values, for the corresponding
pixels of an SLM, on a dynamic basis. For example, the
SLM may be comprised within a holography system such as
a real-time holographic projector.

The processes described above can be repeated for the
provision of pixel position values for multiple rows of an
SLM.

An SLM for which the logic circuit provides pixel posi-
tion values may be arranged to perform raster scanning,
which 1s a scanning technique that the skilled reader will be
familiar with. In such an arrangement, the logic circuit may
therefore be arranged to provide pixel position values for
pixels i a left-to-right, top row to bottom row, manner.
However other arrangements are also contemplated.

Although the examples given above have focused on the
creation of the ‘X’ components of pixel position values, the
described processes can equally be applied to the creation of
the ‘y” components of pixel position values, for a column or
columns of a pixelated display device such as an SLM. For
example, an SLM may demand pixel values on a column-
by-column basis, rather than on a row-by-row basis.

In some arrangements, an integrated circuit that supplies
soltware function values to a pixelated display device, such
as an SLM, will comprise an ‘X’ logic circuit and a ‘y’ logic
circuit, that can be summed together. The skilled reader will
be familiar with technmiques for summing together logic
circuits.

For an arrangement 1n which the ‘X’ pixel position values
are calculated, the y-value i1s the same for every pixel
position of each particular row. The y-value 1 such an
example will only increment at the end of each row. There-

fore, 1t would not be necessary, 1 such an arrangement, to
generate multiple y-values per clock cycle, in order to meet
the demands of the SLM.

A logic device (e.g. field-programmable gate array,
“FPGA”) can be provided, comprising the logic circuit. The
logic circuit in accordance with this disclosure 1s particularly
suitable for implementation 1n an FPGA. The logic circuit 1n
accordance with this disclosure may also be implemented 1n
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another type of programmable logic device, “PLD”, or in an
application specific integrated circuit, “ASIC” or similar
custom layout logic device.

A holographic projector can also be provided, comprising
the logic device (e.g. FPGA), a pixelated display device and
a light source. The pixelated display device—e.g. a spatial
light modulator such as a liqud crystal on silicon spatial
light modulator—is arranged to display a light modulation
pattern comprising a soitware function that has been calcu-
lated using pixel position values, generated by the logic
circuit described herein. The light source 1s arranged to
illuminate the software function, which may be provided 1n
combination with one or more holograms, with light having
a wavelength, A.

The logic device (e.g. FPGA) may be further arranged to
add the calculated software function values to hologram
pixel values of a stream of hologram pixel values to form a
data stream of display values. The light modulation pattern
1s formed 1n accordance with the stream of display values
provided to the pixelated display device by the field pro-
grammable gate array.

A head-up display may be provided, comprising the
holographic projector.

A method 1s also provided herein of streaming pixel
position values for calculation of corresponding software
function values, for display on [mxn] pixels of a pixelated
display device, as detailed above.

Additional Features

Embodiments refer to an electrically-activated LCOS
spatial light modulator by way of example only. The teach-
ings of the present disclosure may equally be implemented
on any spatial light modulator capable of displaying a
computer-generated hologram in accordance with the pres-
ent disclosure such as any electrically-activated SLMs,
optically-activated SLM, digital micromirror device or
microelectromechanical device, for example.

In some embodiments, the light source 1s a laser such as
a laser diode. In some embodiments, the detector 1s a
photodetector such as a photodiode. In some embodiments,
the light rece1ving surface 1s a diffuser surface or screen such
as a diffuser. The holographic projection system of the
present disclosure may be used to provide an improved
head-up display (HUD). In some embodiments, there 1s
provided a vehicle comprising the holographic projection
system 1nstalled 1in the vehicle to provide a HUD. The
vehicle may be an automotive vehicle such as a car, truck,
van, lorry, motorcycle, train, airplane, boat, or ship.

The quality of the holographic reconstruction may be
allect by the so-called zero order problem which 1s a
consequence of the diffractive nature of using a pixelated
spatial light modulator. Such zero-order light can be
regarded as “noise” and includes for example specularly
reflected light, and other unwanted light from the SLM.

In the example of Fourier holography, this “noise” 1s
focussed at the focal point of the Fourier lens leading to a
bright spot at the centre of the holographic reconstruction.
The zero order light may be simply blocked out however this
would mean replacing the bright spot with a dark spot. Some
embodiments include an angularly selective filter to remove
only the collimated rays of the zero order. Embodiments also
include the method of managing the zero-order described 1n
European patent 2,030,072, which 1s hereby incorporated 1n
its entirety by reference.

In some embodiments, the size (number of pixels in each
direction) of the hologram 1s equal to the size of the spatial
light modulator so that the hologram fills the spatial light
modulator. That 1s, the hologram uses all the pixels of the
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spatial light modulator. In other embodiments, the hologram
1s smaller than the spatial light modulator. More specifically,
the number of hologram pixels 1s less than the number of
light-modulating pixels available on the spatial light modu-
lator. In some of these other embodiments, part of the
hologram (that 1s, a continuous subset of the pixels of the
hologram) 1s repeated 1n the unused pixels. This technique
may be referred to as “tiling” wherein the surface area of the
spatial light modulator 1s divided up into a number of “tiles”,
cach of which represents at least a subset of the hologram.
Each tile 1s therefore of a smaller size than the spatial light
modulator. In some embodiments, the techmque of “tiling”
1s implemented to increase 1mage quality. Specifically, some
embodiments implement the technique of tiling to minimise
the size of the 1image pixels whilst maximising the amount
ol signal content going into the holographic reconstruction.
In some embodiments, the holographic pattern written to the
spatial light modulator comprises at least one whole tile (that
1s, the complete hologram) and at least one fraction of a tile
(that 1s, a continuous subset of pixels of the hologram).

In embodiments, only the primary replay field 1s utilised
and system comprises physical blocks, such as baflles,
arranged to restrict the propagation of the higher order
replay fields through the system.

In embodiments, the holographic reconstruction 1s colour.
In some embodiments, an approach known as spatially-
separated colours, “SSC”, 1s used to provide colour holo-
graphic reconstruction. In other embodiments, an approach
known as frame sequential colour, “FSC”, 1s used.

The method of SSC uses three spatially-separated arrays
of light-modulating pixels for the three single-colour holo-
grams. An advantage of the SSC method 1s that the image
can be very bright because all three holographic reconstruc-
tions may be formed at the same time. However, if due to
space limitations, the three spatially-separated arrays of
light-modulating pixels are provided on a common SLM, the
quality of each single-colour image 1s sub-optimal because
only a subset of the available light-modulating pixels 1s used
for each colour. Accordingly, a relatively low-resolution
colour 1mage 1s provided.

The method of FSC can use all pixels of a common spatial
light modulator to display the three single-colour holograms
in sequence. The single-colour reconstructions are cycled
(e.g. red, green, blue, red, green, blue, etc.) fast enough such
that a human viewer perceives a polychromatic image from
integration of the three single-colour 1mages. An advantage
of FSC 1s that the whole SLM 1s used for each colour. This
means that the quality of the three colour 1images produced
1s optimal because all pixels of the SLM are used for each
of the colour 1images. However, a disadvantage of the FSC
method 1s that the brightness of the composite colour image
1s lower than with the SSC method—by a factor of about
3—because each single-colour 1llumination event can only
occur for one third of the frame time. This drawback could
potentially be addressed by overdriving the lasers, or by
using more powerful lasers, but this requires more power
resulting 1n higher costs and an increase 1n the size of the
system.

Examples describe illuminating the SLM with wvisible
light but the skilled person will understand that the light
sources and SLM may equally be used to direct infrared or
ultraviolet light, for example, as disclosed herein. For
example, the skilled person will be aware of techniques for
converting infrared and ultraviolet light into visible light for
the purpose of providing the information to a user. For
example, the present disclosure extends to using phosphors
and/or quantum dot technology for this purpose.
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Some embodiments describe 2D holographic reconstruc-
tions by way of example only. In other embodiments, the
holographic reconstruction 1s a 3D holographic reconstruc-
tion. That 1s, 1n some embodiments, each computer-gener-
ated hologram forms a 3D holographic reconstruction.

The methods and processes described herein may be
embodied on a computer-readable medium. The term “com-
puter-readable medium” includes a medium arranged to
store data temporarily or permanently such as random-
access memory (RAM), read-only memory (ROM), buller
memory, tlash memory, and cache memory. The term “com-
puter-readable medium”™ shall also be taken to include any
medium, or combination of multiple media, that 1s capable
ol storing instructions for execution by a machine such that
the instructions, when executed by one or more processors,
cause the machine to perform any one or more of the
methodologies described herein, in whole or 1n part.

The term “computer-readable medium”™ also encompasses
cloud-based storage systems. The term “computer-readable
medium™ includes, but 1s not limited to, one or more tangible
and non-transitory data repositories (e.g., data volumes) 1n
the example form of a solid-state memory chip, an optical
disc, a magnetic disc, or any suitable combination thereof. In
some example embodiments, the 1structions for execution
may be communicated by a carrier medium. Examples of
such a carrier medium include a transient medium (e.g., a
propagating signal that communicates instructions).

It will be apparent to those skilled 1n the art that various
modifications and variations can be made without departing
from the scope of the appended claims. The present disclo-
sure covers all modifications and variations within the scope
of the appended claims and their equivalents.

The mvention claimed 1s:

1. A logic circuit arranged to output a stream of pixel
position values, X, for a row of a pixelated display device,
the pixelated display device having [mxn] pixels, for cal-
culation of corresponding soiftware function values, for
display on the pixels of the row;

wherein the stream comprises sequential numbers from 0

to (n—1); and
wherein the logic circuit comprises
a unity addition module arranged to provide a multi-bit
binary 1nput, 1, to each of the plurality, p, of pipeline
modules, in common, during a pre-defined time
cycle; and
a plurality, p, of pipeline modules, the pipeline modules
having respective individual pipeline identity values,
v, from v=0 to v=(p-1), wherein each pipeline mod-
ule 1s arranged, for the pre-defined time cycle, to:
receive the multi-bit binary nput, 1, from the unity
addition module:

append a binary representation of 1ts individual pipe-
line 1dentity value, v, to the received multi-bit
binary input, 1; and to

output a unique multi-bit binary output, o, that
comprises a combination of the recetved multi-bit
binary input, 1, and the binary representation of 1ts
individual pipeline identity value, v.

2. Alogic circuit as claimed 1n claim 1 wherein the unique
multi-bit binary output, o, from a pipeline module, for a
pre-defined time cycle, comprises the received multi-bit
binary iput, 1, as 1ts most significant bits and the binary
representation of the pipeline’s individual pipeline 1dentity
value, v, as its least significant bit(s).

3. A logic circuit as claimed 1n claim 1 wherein the unity
addition module 1s arranged to:
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provide a first multi-bit binary mput 1, to each of the
plurality, p, of pipeline modules during a first pre-
defined time cycle; and

provide a second multi-bit binary 1nput 1, to each of the
plurality, p, of pipeline modules during a second pre-
defined time cycle, immediately subsequent the first
pre-defined time cycle,

wherein the second multi-bit binary input 1, 1s greater than
the first multi-bit binary mnput 1, by a single integer (1).

4. A logic circuit as claimed 1n claim 1, wherein each
binary representation of an individual pipeline identity
value, which identifies a corresponding pipeline module, has
the same number of bits as each of the other binary repre-
sentations of individual pipeline identity values, which
identily the corresponding, respective other, pipeline mod-
ules.

5. A logic circuit as claimed 1n claim 1, wherein the logic
circuit 1s arranged to output a stream of pixel position
values, x, for a row of a pixelated display device that
demands a pre-determined number, k, of pixel values per
pre-defined time cycle, wherein k 1s a factor of the number
of pipeline modules comprised within the plurality, p, of
pipeline modules.

6. A logic circuit as claimed 1n claim 1, wherein each of
the plurality, p, of pipeline modules 1s arranged to output its
unique multi-bit binary output, o, for a pre-defined time
cycle at substantially the same time as each of the respective
other pipeline modules.

7. A logic circuit as claimed in claim 1, wherein the
software function values F(x), for display on [nxm] pixels of
a pixelated display device, comprise values of a lens func-
tion or a grating function.

8. A logic circuit as claimed in claim 7, wherein the lens
function or grating function 1s provided for display 1in
combination with a hologram on a pixelated display device.

9. A logic device comprising the logic circuit as claimed
in claim 1, wherein the device comprises an application
specific integrated circuit, ASIC, or a programmable logic
device, PLD.

10. A logic device as claimed 1n claim 9, wherein the
device comprises a programmable logic device that com-
prises a field programmable gate array, FPGA.

11. A holographic projector comprising:

the device of claim 9;

a pixelated display device arranged to display a light
modulation pattern comprising the software function
values F(x), calculated 1in accordance with the stream of
pixel position values, x; and

a light source arranged to 1lluminate the light modulation
pattern with light having a wavelength, 1.

12. A holographic projector as claamed in claim 11,
wherein the device 1s further arranged to add the software
function values F(x), calculated in accordance with the
stream of pixel position values, x, to hologram pixel values
of a stream of hologram pixel values to form a data stream
of display values, wherein the light modulation pattern 1s
formed in accordance with the stream of display values
provided to the pixelated display device by the logic device.

13. A head-up display comprising the holographic pro-
jector of claim 11.

14. A method of streaming pixel position values, x, for a
row of a pixelated display device, the pixelated display
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device having [mxn] pixels, for calculation of corresponding
soltware function values, for display on the pixels of the
row, wherein the stream comprises sequential numbers from
0 to (n-1), the method comprising;:
providing a multi-bit binary nput, 1, to each of a plurality,
p, ol pipeline modules, 1n common, during a pre-
defined time cycle, wherein the pipeline modules have
respective mdividual pipeline identity values, v, from
v=0 to v=(p-1); and

at each of the plurality, p, of pipeline modules, for the

pre-defined time cycle:

receiving the multi-bit binary input, 1;

appending a binary representation of its individual
pipeline i1dentity value, v, to the recetved multi-bat
binary input, 1; and

outputting a unique multi-bit binary output, o, that
comprises a combination of the received multi-bit
binary input, 1, and the binary representation of 1ts
individual pipeline identity value, v.

15. The method of claim 14 further comprising receiving
the unique multi-bit binary outputs, o, from each of the
pipeline modules 1n the plurality, p, of pipeline modules, and
using the received unique multi-bit binary outputs, o, as
pixel position values, X, for a row of a pixelated display
device, for use in calculation of corresponding software
function values F(x), for display on [nxm] pixels of a
pixelated display device.

16. A method for modulating light, the method comprising

providing software function values for display on a pix-

clated display device having [nxm] pixels by a method

comprising streaming pixel position values, x, for a row

of the pixelated display device, wherein the stream

comprises sequential numbers from 0 to (n-1), the

method comprising:

providing a multi-bit binary input, 1, to each of a
plurality, p, of pipeline modules, 1n common, during,
a pre-defined time cycle, wherein the pipeline mod-
ules have respective individual pipeline identity val-
ues, v, from v=0 to v=(p-1); and

at each of the plurality, p, of pipeline modules, for the
pre-defined time cycle:

receiving the multi-bit binary input, 1;

appending a binary representation of its individual
pipeline i1dentity value, v, to the recetved multi-bat
binary input, 1;

outputting a unique multi-bit binary output, o, that
comprises a combination of the received multi-bit
binary input, 1, and the binary representation of 1ts
individual pipeline 1dentity value, v; and

receiving the unique multi-bit binary outputs, o, from
cach of the pipeline modules 1n the plurality, p, of
pipeline modules, and using the received unique
multi-bit binary outputs, o, as pixel position values,
X, for a row of a pixelated display device;

displaying on the pixelated display device a light modu-

lation pattern comprising the software function values

F(x), calculated in accordance with the stream of pixel

position values, x; and

illuminate the light modulation pattern with light having

a wavelength, I, from a light source, thereby providing
modulated light.
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